A new approach to the chelation of anionic substrates, based on the use of large, pyrrole-containing macrocycles, the so-called "expanded porphyrins", is described. This anion binding, which is without precedent in simpler porphyrin-type systems, is manifest both in the solid state and in solution. In the present paper, it is illustrated in terms of solid state structural results obtained from single-crystal X-ray diffraction structural analyses of various anion complexes of three prototypic systems, namely the sapphyrins, anthraphyrins, and rubyrins.
(ref. 5) and actinide series (ref. 6) , but also in certain instances to chelate anions (refs. 7-17) . It is this latter finding, namely the discovery of anion binding (ref. 18) in simple porphyrin-like systems, that engenders the present report. In particular, the results of solid state structural studies, carried out using three prototypic series of expanded porphyrins, the sapphyrins (e.g. 2 and 3), anthraphyrins (e.g. 4), and rubyrins (e.g. S), will be detailed and relevant solution phase results presented.
Our first realization that expanded porphyrins are capable of chelating anionic substrates arose out of an attempt to obtain X-ray diffraction quality of sapphyrin 2, a decaalkyl derivative of a class of compounds first reported by Woodward nearly 25 years ago (ref. 19) . Here, an X-ray crystal analysis of what was thought to be the bis-HPF6 salt of 2, revealed the presence of only one PF6-counteranion per macrocycle as well as the presence of unexpected electron density in the center of the fully protonated pentaaza core (ref. 7). On the basis of l9F NMR and independent synthesis, this unexpected electron density was ascribed to a hydrogen-bound fluoride anion, indicating, as shown in Figure 1 , that the diprotonated form of 2 acts as a fluoride anion receptor--at least in the solid state. -.
\
Subsequent to the above findings, defraction-grade single crystals of the bis-hydrochloride salt of sapphyrin 2 were also obtained (ref. 8) . Here, the solid state structure revealed the presence of two chloride counteranions ligated both above and below the sapphyrin plane (Figure 2 ). This result was considered to be of considerable significance: Not only did it serve to indicate that two very different kinds of binding patterns are operative in the solid state for fluoride and chloride, it also served to suggest that the diprotonated form of sapphyrin might be a selective cheland capable of distinguishing between these two ostensibly similar halide anions. As discussed in detail, in a recent full paper (ref. 8) , this has in fact proved to be the case. In methanol, for instance, fluoride anion is bound by the diprotonated form of 2 with a K, of ca. 1 x lo5 M-1, whereas chloride and bromide are both bound with K, of S lo2 M-l.
In addition to halide binding, the diprotonated form of sapphyrin also shows affinity for phosphatetype anions (refs. 9-12) . For instance, as shown in Figure 3 , a 2:l complex is formed between the Figure   4 , a 1:l complex is formed between diprotonated 3 and monobasic phosphoric acid (ref. 12). In both cases, multiple hydrogen bonds serve to chelate the anion to the macrocycle. In fact, these two structures reveal that anywhere from 2 to 5 such NH-to-0 interactions can serve to effect phosphate-to-protonated sapphyrin ligation in the solid state. Thus, it appears that a flexibility in binding is a hallmark of this type of phosphate chelation.
Evidence for sapphyrin-based phosphate anion binding in solution has come from a variety of transport experiments using simple Aq I-CH2C12-Aq I1 U-tube type model membrane systems. This work, which was initiated as part of a program to develop new adjuvants for the into-cell delivery of phosphorylated nucleotide analog antiviral agents, has so far served to show that sapphyrin 2 is capable of transporting GMP and other nucleotides under conditions where it remains doubly protonated, i.e. at pH S 3.5 (ref. 9). In addition, this same system has also been found to be effective as a mediator for enhancing the through-membrane transport of both cyclic-AMP (ref. 12) and fluoride anion (ref. 13) at neutral pH. Finally, in very recent and as yet unpublished work, it was found that an appropriately designed sapphyrincytosine synthetic conjugate could be used to effect the efficient and selective through-membrane transport of GMP at neutral pH (refs. 10 and 11). Taken together, therefore, these results provide an important augury that the proposed approach (ref. 10) to antiviral adjuvant development might in fact be viable. P Figure 5 . Single crystal X-ray structure of the chloride anion complex of monoprotonated sapphyrin 2. The chloride anion was found to lie ca. 1.72 A above the macrocyclic plane.
The above results also provide an indication that the monoprotonated form of sapphyrin is capable of recognizing and binding monoanionic substrates. This important conclusion is presently supported by two X-ray structural studies. As shown in Figures 5 and 6 , respectively, the monoprotonated form of sapphyrin 2 interacts with and binds both chloride and azide in the solid state (refs. 12 and 14) . As expected, both of these anions are bound by oriented electrostatic interactions involving hydrogen bonds. Interestingly, however, these interactions appear to be reminiscent of "half' of those seen in the corresponding structures obtained using the analogous diprotonated sapphyrin derivative (c.f. Figures 2 and 5) .
Nonetheless, it is clear from this work that a single positive charge on the sapphyrin is enough, in and of itself, to effect anion recognition in the case of appropriately chosen monoanionic substrates.
Although most anion binding studies camed out to date have focused on the use of protonated sapphyrins as the cheland, it is important to appreciate that other expanded porphyrins also bind anions. In fact, we presently believe that this approach to anion recognition could be quite general (ref. 4). Consistent with this conclusion is the finding that both anthraphyrin (4) and rubyrin (5) bind chloride anion in the solid state (c.f. Figures 7 and 8 ). In the case of anthraphyrin, the chloride anion is held nearly within the protonated center of the larger-than-sapphyrin core (ref. 15). As might be expected on the basis of this near in-plane encapsulation, the affinity for chloride anion is much higher than for fluoride in this system (Ks = 2 x lo5 M-1 and 1.4 x 104 M-l, in CH2C12, for C1-and F-, respectively). This relative affinity is clearly quite different than that observed for diprotonated sapphyrin (K, = 1.8 x lo7 M-l and 2 1 x lo8 M-l in CH2C12, for C1-and F-, respectively). On the other hand, anthraphyrin serves as a much more effective mediator for the throughmembrane transport of fluoride anion than does sapphyrin (%-= 5.0 pmol h-1 vs. 0.86 pmol h-1). This anthraphyrin-mediated anion transport, however, is significantly inhibited by the presence of chloride anion (ref. 15) . This has led us to suggest that it is actually the rate of anion release, rather than overall binding affinity, that determines the efficacy of expanded porphyrin mediated anion transport (ref. 10). Consistent with this supposition is the recent finding (using the new synthetic sapphyrin-cytosine conjugate described in ref. 11) that GMP transport is greatly enhanced when the receiving phase (Aq 11) is kept highly basic (ref. 11) . Under these conditions, deprotonation of the macrocycle at the Aq II-CH2C12 interface presumably serves to accelerate substrate release. In any case, as for the sapphyrins discussed above, the very fact that through-membrane transport is observed using anthraphyrin provides proof inter alia that this particular expanded porphyrin binds anions in solution.
Less is currently known about the anion binding behavior of rubyrin, 5 (refs. 16 and 17) . As is true for sapphyrin, 2, in the solid state smicture of the bis-hydrochloride salt, the chloride counter anions are held above and below the plane of the macrocycle (ref. 16). However, these two chloride anions lie closer to the plane in the case of rubyrin than in the case of sapphyrin. This, could reflect the fact that intracore N+H-to-H+N electrostatic repulsive interactions are reduced in the larger rubyrin system. To the extent this is true, one would expect the two pyridine-like nitrogens of rubyrin to be more basic than those of sapphyrin. This, in turn, one would predict should be reflected in a higher apparent pKa value for the deprotonation of either mono-or diprotonated rubyrin (as compared to sapphyrin) and a greater ability to transport dibasic substrates, such as GMP, at, or near, neutral pH. As detailed elsewhere (ref. 17), such a prediction has recently been borne out by experiment: In the presence of an added solubilized Watson-Crick molecular recognition co-carrier, rubyrin (but not octaethylporphyrin, 1, or sapphyrin, 2) acts as an efficient c'arrier for the through-membrane transport of GMP and other mononucleotide species. Thus, different expanded porphyrins appear to have different anion recognition and transport capabilities.
To the extent that the promise inherent in the above conclusion proves true, it would appear that the appropriate design and synthesis of new expanded porphyrins of differing sizes, shapes, and NH / N+H chelating denticity would be worthwhile: It, would provide a means of "modulating" the basic anion binding and transport characteristics associated with this generalized class of compounds. Work along these lines is, therefore, currently in progress. In fact, in very recent work, we have succeeded in preparing and characterizing the bipyrrole-derived cylcotrimer 6. This interesting non-aromatic, 24 n-electron system, to which the trivial name rosarin has been assigned (ref. 20) , binds two chloride anions within the highly distorted central hexaaza core (Figure 9 ). It and related systems are presently the subject of ongoing inves- Figure 9 . Single crystal X-ray structure of the tris-hydrochloride salt of rosarin 6. In addition to the two chloride anions shown, for each unit of 6, a third non-chelated chloride anion is found with in the crystal lattice.
6. Ar = C6H5 tigation. Nonetheless, the conclusion seems clear: Expanded porphyrins represent a new and potentially exciting approach to the chelation of anions that is without precedent in either the porphyrin or molecular recognition literature. Thus, the prediction emerging from this paper, and the oral presentation on which it is based, is that this research direction is apparently a rich one indeed.
